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Abstract
An electrodeposition process placed in a magnetic field or magneto electrodeposition (MED) cause the increment of
limiting current and the change of electrodeposits become more compact. This method is important process to
produce of nano materials and micro electronics devices. Knowing the limiting current in electrodeposition process
is very important because the optimum mass transport achieve at this condition. This limiting current under
magnetic influence (iB) can be predict accurately using semi empirical equation, which have parameters that
influence on mass transport phenomena on MED. The semi empirical expression of iB for lead (Pb) MED was
established for our experimental setup.
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1. Introduction
The study of the electrodeposition of lead (Pb) under magnetic field effect or lead magneto
electrodeposition (MED) is currently very relevant owing to its potential application in the production of high purity
active material for acid battery, for semiconductors and the fabrication of electrochromic devices[1-3]. This
technique also can be applied to produce micro electronics devices because the ability of this technique to produce
electrodeposits more compact and smoother surface [3]. The limiting current also increase when magnetic field
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presence in electrodeposition [3-14].
This technique also gives more benefits when it is combined with the good bath electrolyte. It is reported
that lead electrodeposition has been accomplished from various acid solutions such as nitrate, fluoroborate,
fluorosilicate, perchlorate, pyrophosphate and acetate. As most acid electrolytes are toxic, alkaline electrolyte is
more appropriate from an environmental point of view. Alkaline electrolytes are also less corrosive as compared to
acid electrolytes. Moreover, new alkaline solutions with the presence of sorbitol additive such as plumbite solution
(Pb(NO3)2) in NaOH solution and sorbitol, was developed to increase quality of electrodeposits. Sorbitol as acting as
an effective grain refiner in both acid and alkaline plating, this will cause the electrodeposits grow more compact
with higher purity of electrodeposits [15]. At the same time, sorbitol acts as stabilizer to avoid bath decomposition
[16].
Conducting MED process at limited current is very important, because at this condition the optimum mass
transport can be achieved. The limiting current under magnetic field can be calculated using a semi-empirical
equation. This equation is formulated from used the rigorous hydrodynamic equations as a guide to the system
parameters that could control the mass transport limited current. The limiting current in the magnetic field given by
Leventis et al. [6, 7]; Fricoteauxet al. [9]; Legeai et al. [10], and Rabah et al.[11]is :
( 1) ( 1) ( 1)a b c d e f
Bi K C A D v B n
   (1)
where include the concentration of the electroactive species, Cbulk; the electrode area, A, the diffusion coefficient of
the electroactive species, D, the kinematic viscosity of the electrolyte, v, the magnetic field strength, B, and the
number of electrons of the oxidation-reduction reactions (redox), n, K is a constant and the Faraday constant (F) is
included in K. The exponents a to f can be determined by varying systematically all the parameters in Equation 1.
However, the problem in this semi-empirical equation is the different form of this equation for each
different material system hence; the semi-empirical equation for lead MED has yet to be established. In our
hypothesis, the presence of some additives in the lead MED system automatically gives different forms of the semi-
empirical equation. Therefore, study on the effects of the combination between MFE and additives on the limiting
current of MED needs to be carried out.
2. Experimental Details
Fig. 1. Schematic illustration of an electrochemical cell
The narrow gap between the pole pieces required the design of a special three-electrode cell with 45 mm inner
diameter, as shown in Fig. 1. Four platinum plates with areas of 0.32, 0.5, 0.58, and 0.95 cm2 were used as working
electrodes (WE). The counter electrode (CE) was a platinum (0.95 cm2 area) and the reference electrode (RE) was
an Ag/AgCl electrode.Chemicals that used were Pb(NO3)2( 99 %), NaOH ( 99 %) and KOH ( 99 %) and sorbitol
( 99 %) from R & M (Malaysia). All solutions were diluted with distilled water. For each experiment, 40 ml
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electrolyte solutions were used.
Chronoamperometric and linear sweep voltammetric analyses were performed using a PGP 201 potentiostat
monitored by the Voltamaster 4.0 software (Radiometer analytical S.A., France). The absolute viscosity of each
electrolyte was measured using a viscometer (Model DV-III, Brookfield programmable rheometer).The magnetic
field was generated by an electromagnet (Lake Shore EM 4, USA). The pole pieces were of 50 mm diameter and 50
mm apart. The induction was uniform and equal to 0.3 T in the magnet gap. The measurements were carried out at
25-27 C. The schematic setup of the experiment is shown in Fig. 1. Linear sweep voltammetry (LSV) technique
was used to investigate the effects of magnetic field, area of working electrode, additive and electrolyte
concentration on the limiting current density. LSV was performed from +2 to -2 V at a sweep rate of 10 mV/s and
plotted in a Tafel plot. The effect of a magnetic field on the diffusion was investigated using choroamperometry.A
potential step of choroamperometry is a cathodic potential at limiting current. Limiting current is then given by the
Cottrell equation. Using this equation the a diffusion coefficient can be calculated [17, 18].
3. Result and Discussion
3.1. The Limiting Current (iB) Dependence on the Bulk Concentration of the Electroactive Species (C)
The effects of the electroactive species concentrations on the limiting current (iB) of lead MED are shown in Fig.
2. From the figures it can be seen that the increasing concentration of the electroactive species causes the increase of
the limiting current. As the concentration of the electroactive species increases, the free cations (Pb2+) available in
the electrolyte will also increase which can lead to more efficient stirring. Moreover, it will also induce a turbulent
flow within the electrolyte which will increase the flux of the species [6]. As a result, the thickness of the Nernst
diffusion layer will gradually be reduced and the limiting current will be increased [12, 19].
The iB dependence on C, can be represented by the following equation:-
log iB = (a + 1) log C (2)
The value of (a+1) from Equation (3) was determined by using the plot of [log iB] against [log C]. This plot, as
shown in Fig.2a is linear for PbNO3 with R2equals 0.975. From the graph, it was determined that the limiting current
(iB) of lead MED was proportional to C1.271. The value of (a+1) obtained is in agreement with the results obtained by
Aaboubi et al. [5, 8], Leventis et al. [6], Leventis and Gao [7], , Fricoteaux et al.[9], Legai et al. [10] and Rabah et
al.[11].
Fig. 2: (a) Graph of Logarithmic of limiting current (Log iB) versus Logarithmic of  PbNO3 concentration (Log C). (b)Graph of Logarithmic of
limiting current (Log iB) versus  Log A on Lead MED. T = 25 C. B = 0.3 T. [NaOH ] = 1  M and . [PbNO3] = 0.01 M.
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3.2. The Limiting Current (iB) Dependence on The Working Electrode Area (A)
To quantify the dependence of iB on A, the limiting currents were measured using a disk electrode with
different surface areas as the working electrodes.  The iB dependence on A can be represented by the following
equation:-
log (iB) = (b + 1)  log (A) (3)
where (b + 1) is the mass transport coefficient of the working electrode area. Thus, a graph of [log iB] against [log A]
can be constructed to obtain the (b +1) value as shown if Fig. 2b. The value of the mass transport coefficient of (b +
1) signifies the influence of A on the limiting current (iB). The value of (b + 1) can be obtained from the slope of
Fig. 2b. Consequently, the limiting current (iB) of lead MED is proportional to A0.743. The value of the (b + 1)
coefficient obtained is in agreement with the values obtained by others researchers [6, 7].
The positive value of the (b + 1) coefficient means that the limiting current increases as the working
electrode area increases. The increment of this limiting current is due to the increment of the current which
subsequently increases the electrode reaction [15]. A larger working electrode area will also cause more effective
magnetic stirring in the diffusion area which will reduce the thickness of its Nernst diffusion layer. As a result, the
limiting current and the deposition rate will increase [7].
3.3. Effect of  Diffusion Coefficient (D)  and Kinematic Viscosity (V) of The Electroactive Species on Lead MED
Fig. 3(a) Graph of iB versus supporting electrolyte [KOH] concentration for lead MED (b) Graph of limiting current iB versus concentration of
sorbitol for lead MED.
The effect of the supporting and additive electrolytes on the limiting current (iB) of lead MED are shown in
Fig. 3a and 3b respectively. From those figures, it is found that the limiting current (iB) of lead MED decreases as
the supporting and additive electrolyte concentrations increases. The decrease of this limiting current can be linked
to the increment of the kinematic viscosity of the electrolyte of lead MED. The variation of the kinematic viscosity
of the electrolytes causes to a variation of the electroactive species diffusion coefficients [10]. The table also shows
that the increase of the diffusion coefficient (D) causes to the increment of the limiting current (iB) of lead MED
respectively. The decrease of the limiting current is due to friction which increases as the electrolyte viscosity
increases thus reducing the MHD convection of the solution [6]. Although the presence of the additive decreased
the limiting current, its presence led to better electrodeposits such as acting as an effective grain refiner and
stabilizer to improve the purity of electrodeposits and avoiding bath decomposition [13, 14].
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Fig.4: (a) Graph of (Log iB - log D) versus Log v for lead MED. (b) Graph of the limiting current iB of lead MED versus (CBulk 1.271 A0.743D   v-0.673).
In order to determine the influence of , the contribution of the diffusion coefficient of the electroactive
species (D) should be taken into account as shown in equation below:
log (iB) = c log (D) + d log ( ) + k (4)
where c is the mass transport coefficient of the diffusion coefficient (D), d is the mass transport coefficient
of the kinematic viscosity (v) and k is a constant. Based on Legai et al. [15], the c value is equals to 1. Fig. 4a shows
the graph of [log (iB) − log (D)] versus log ( ) for tin MED. From the slope of Fig. 4a, it was determined that the
coefficient of d is equal to −0.673. The R2 value obtained showed that the semi-empirical model obtained is
acceptable. The mass transport coefficients for the kinematic viscosity (v) parameter are around -2/3 which is in
agreement with the value obtained by Fricoteaux et al. [9] and Legai et al. [10]. The negative value signifies that the
increment of the kinematic viscosity will decrease the limiting current (iB).
Fig. 4b shows the graph of iB versus [CBulka+1Ab+1Dcvd] to confirm the validity of (a + 1), (b + 1), c and d for
lead MED obtained previously. The value of mean squares analysis (R2) obtained is close to 1.00 and indicating the
validity of the semi-empirical models developed. The mass transport coefficients for the diffusion of electroactive
species (D) are 1, which is the same as that obtained by Legai et al. [10]. The mass transport coefficients for the
kinematic viscosity (v) parameter are around -2/3 which is in agreement with the value obtained Fricoteaux et al. [9]
and Legai et al. [10]. The negative value signifies that the increment of the kinematic viscosity will decrease the
limiting current (iB).
3.4. Effect of  Magnetic strength (B) on Lead MED
To determine the mass transport coefficient e, the coefficient d from the previous section should be
substituted in Equation 5.
log (iB) = log (D) – d log (v) + elog (B) + k (5)
Hence, the value of the e coefficient is the slope of [log (iB) − log (D) -d log v] versus [log B] graph. Fig.
5a shows the graph of [log (iB) − log (D) -d log v] versus [log B] for lead MED. The figure shows that the value of e
for lead MED is 0.33. The R2 values obtained show that the e coefficients for all the processes are acceptable. The
value of the e coefficient obtained is around 1/3 and is in good agreement with the value determined by Aaboubi et
al. [5, 8], Leventis et al. [6], Leventis and Gao [7], Fricoteaux et al. [9] and Legai et al. [10]. Fig. 5a shows the effect
of magnetic strength on the limiting current for lead MED. The gradient of that figure have positive value, it can be
seen that the limiting current increases proportionally to the magnitude of the magnetic strength (B).The increment
of the limiting current indicates the increase of the mass transport in the electrodeposition process. The increment of
the limiting current can also be linked to the presence of the MHD effect. When the MHD effect is present, the
a b
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convective flow will create a mixing in the diffusion area and reduce the thickness of its Nernst diffusion layer in
front of the electrode effectively and thus increase the limiting current [7]. This phenomenon could occur because
the magnetic field could increase the rate of transport of electroactive species to or from the electrode through the
force known as the Lorenz force [6, 9 and 16].
Fig. 5 (a) Graph of  (Log iB – Log D + 0.66 Log V) versus Log B on Lead  MED. (b) Graph of the limiting current iB on Lead MED Versus
[C1.271 A0.743 Dv-0.673B0.33].
The results obtained in the previous sections can be used to establish a semi-empirical expression of iB for
lead MED as expressed in Equation 6.
iB= K’ C1.271 A0.743 Dv-0.673B0.33 (6)
where iB is in mA, C is in Molar (mol/L), A is in cm2, D is in cm2/s, v is in S (Stokes), B is in T (Tesla) and K’ is a
constant.The validation of all the semi-empirical equations dveloped for the limiting current (iB) of lead MED are
shown in Fig. 4b. The value of K’ is 2.03 × 108 mA mol-1.271 cm1.258S-0.673T-0.33s ( the slope of the Fig. 4b). The R2
values of all the processes obtained is 0.999 which prove the validity of the semi-empirical model developed.
3.5. Effect of the number of electrons that involved in redox process (n) on lead MED
For lead MED, it is difficult to determine exponent f experimentally because there is no suitable electrolyte
for the alkali bath which has two (2) electrons for lead electrodeposition. For the mass-transport-limited current in
the magnetic field, the dependence of iB on n should be higher than unity and therefore it is probable that f > 0 [6,
20]. Aogaki et al. [20] predicted that iB should be proportional to n3/2. For lead MED it is proposed that the
coefficient f should be greater than zero but less than 0.5. Thus, the semi-empirical expression of iB for lead MED
can be expressed as:
iB= K n(f+1)C1.271 A0.743 Dv-0.673B0.33 (7)
where K = 2.03 × 108 mA mol-1.271cm1.258S-0.673T-0.33s and 0 < f < 0.5.
4. Conclusions
The semi empirical equation of limiting current (iB) for lead MED could be established. This semi empirical
equation has good agreement with previous literature reports. This study on parameters shown that the magnetic
field strength, the electrode area, the concentration of the electro active species, the diffusion coefficient of the
a b
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electroactive species, the kinematic viscosity of the electrolyte and the number of electrons that involved in redoks
process (n) on lead MED have significant effect on the mass transport of lead electrodeposition.
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